A simple, low-cost, and easily scalable method, thermal spray followed by post-spray annealing, has been successfully demonstrated for fabricating high-J c epitaxial superconducting films of Tl 0.5 Pb 0.5 Sr 1.6 Ba 0.4 Ca 2 Cu 3 O 9 [(Tl,Pb)-1223]. The process was performed by spraying a stoichiometric solution containing Tl, Pb, Sr, Ba, Ca, and Cu nitrates onto LaAlO 3 substrates heated to 300 -400 °C. Subsequently, the amorphous films were placed inside a silver containment along with two-semicircular unfired pellets, and were reacted and crystallized by a thermal anneal at 870 o C in air. X-ray diffraction showed that the films consist mainly of c-axis aligned (Tl,Pb)-1223 phase with a small amount of (Tl,Pb)-1212 phase. X-ray ϕ-scans revealed very good epitaxial growth. Four-probe transport measurements on a 4 mm wide and 1.2 µm thick film showed a superconducting transition temperature of 106 -109K, with a zero-field critical current of 51 A at 77K, which corresponds to a critical current density of 1.1×10 6 A/cm 2 .
Introduction
Power applications of high-T c superconductors, such as energy storage, motors, generators, transmission cables, etc., require flexible long length conductors with critical current density (J c ) in the range of 10 5 -10 6 A/cm 2 at temperatures in the liquid nitrogen range of 64 -77K. The thallium-based superconductors are good candidates for this purpose because of their high transition temperature (T c ) in the range of 100 -115K, and less sensitivity to oxygen stoichiometry and moisture compared to YBa 2 Cu 3 O 7 (YBCO). Additional potential advantages over YBCO are: much shorter processing time is required (minutes compared to hours); and, thicker epitaxial films can be grown (up to 10 microns compared to 2 -3 microns).
Although (Tl,Pb)-1223 and (Tl,Bi)-1223 tapes made by the powder-in-tube (PIT) method can also give fairly high J c 's at 77K and zero field [1] [2] [3] , the poor, weak-linked performance in the presence of external magnetic field has discouraged further development. T he poor performance is due to lack of texture, since single crystal, epitaxial superconducting films of (Tl,Bi)-1223 on LaAlO 3 [4] [5] [6] , YSZ [7] , CeO 2 -coated YSZ [8] , and RABiTS [9, 10] have shown much higher J c 's at 77K with much better performance in an external magnetic field. However, all these high-J c films were obtained by a very slow and expensive processing method: laser ablation and post-deposition annealing. This vacuum deposition technique is too costly for large scale fabrication of up to kilometer lengths. For scaled-up production of high J c tapes, a simpler and faster method is in urgent demand. Electrochemical [11] [12] [13] and thermal spray [14] [15] [16] depositions are among the best choices.
In this paper we report our successful thermal spray and post-spray annealing process for fabricating epitaxial high-J c ( of about 490°C was reached, the spray process was started. The sprayer was pressurized by compressed air to a pressure of 3.0 psi. A total spray-deposition time was controlled from 30 to 60 seconds, depending on the final film thickness requirement. This deposition rate is at least 100 times faster than most vacuum deposition techniques. As soon as the spray starts, the temperature begins to decrease. A decrease of 60 -110°C was normally observed. During the spray deposition, the surface of the substrates changes from shiny to brown, and eventually to black. The as-sprayed films were rough and amorphous.
After spray deposition the film was wrapped in a piece of 25 µm thick silver foil along with two-semicircular unfired pellets having the composition of Tl 0.5 Pb 0.5 Sr 1.6 Ba 0.4 Ca 2 Cu 3 O 9 .
The wrapped package was placed in a furnace and annealed in air in a two-step program. Fig. 1 shows a typical annealing-temperature profile. The temperature was raised from room temperature to 650 o C at a rate of about 10 o C/min, held at 650 o C for one hour. The purpose of this initial temperature soak is to decompose all the nitrates into oxides The temperature was then increased to 870 o C at the same rate and held for another 40 minutes so that the amorphous film could fully react and crystallize. After the process, the package was taken out of the furnace and cooled to room temperature. After the anneal, the films were uniform and shiny.
The crystalline structure and alignment were characterized by x-ray diffraction (XRD) θ/2θ-, θ-and ϕ-scans. The superconducting transition temperature (T c ) and critical current (I c )
were determined by four-probe transport measurements. Sample thicknesses were determined by a stylus-type profiler, providing dimensions for calculation of the critical current density (J c ).
The surface morphology was studied by scanning electron microscopy (SEM). 
Results and discussion
The XRD θ/2θ spectrum of a typical (Tl,Pb)-1223 superconducting thin film on LaAlO 3 is shown in Fig. 2 . All the major reflections are indexed as either (00l) peaks of (Tl,Pb)-1223 phase or those of (Tl,Pb)-1212 phase, which are marked by " * ".The presence of only (00l) annealing process parameters, we expect that the (Tl,Pb)-1212 phase should be eliminated, and even higher J c obtained.
The SEM micrograph in Fig. 6 , taken at an inclined angle to the surface, shows that the surface is relatively dense and smooth, although there are a number of voids and particles in the size range of 1 -6 µm. This observation is consistent with transmission optical microscopy, which shows light and dark areas. If the voids can be reduced to a very low level or even eliminated, a significantly higher J c is expected. Probably the most important factor contributing to the formation of voids and particles is the surface roughness after spraying. Therefore, a study of spray deposition at a slower rate and at a lower substrate temperature is being conducted, with the intent of developing a smoother initial surface.
Conclusions
Epitaxial ( 
